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parallel to the incident electron waves. 

By knowing the tubule diameter D and its pitch angle a with 
respect to the fibre axis (Fig. 3<i), the helidty and thus the tubule 
strurture can be determined uniquely. To describe the tubule 
hehaty, we follow Hamada's notation^ as illustrated in Fig. 3c, 
where a tubule can be represented by an index (m, n). This 
tubule can be realized by roUing up a sheet of hexagons so as to 
supenmpose the origin (0, 0) on the hexagon (m, «). A tubule 
(m, -n) IS chiral with the opposite handedness to (iw , n), and 
thus they should be optically active, but they cannot be 
distinguished by the diffraction experiment. The tubules which 
were observed frequently on the histogram (Fig. 2) have values 
of (in, n) in the hatched areas. On the electron diffraction 
pattern m Fig. 3a, a and Z) are measured as and 1.37 nm, 
respectively. This tube can be indexed as (18, 2) or its 



enantiomer (18, -2), and should behave as a semiconductor 
according to electronic band structure calculations^'^. We 
should mention here that a, or helidty, varies for a given tubule 
diameter. 

We speculate that the single-shell tubules might be the 
OTbryo for the multi-shell tubules. In our proposed model for 
the nanotube growth^^ ", the tubule ends are open so that 
carbon atoms are easily captured at dangling bonds, and the 
multi-shell tubules grow in the direction of the tube axis and also 
perpendicular to it. The latter growth is assodated with 
layer-by-layer growth on the tubule surface. In the single-shell 
tubes, we assume that axial growth dominates over layer 
growth. We speculate that the iron in the present experiments 
acts as a homogeneous catalyst in the vapour phase. D 
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Cobalt-catalysed growth of 
carbon nanotubes with 
single-atomic-layerwalls 
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IBMResearchOlvision. AlmadenftesearchCemer. 650 Hany Road. 
SanJose. California 95120-6099, USA 



Carbon exhibits a unique ability to fonn a wide range of 
structures. In an hiert atmosphere it conctoises to form hollow, 
qiheroidal fhllerenes''^. Carbon deposited on the hot tip of the 
cathode of the arc-discharge s^paratos used for bulk foUerene 
synthesis will form nested graphitic tubes and pofyhednil 
particles^. Electron irradiation of these nanoinbes and 
transforms them into nearly spherical carbon 
We now report that Govaporbhig carbon and eidialt in 
an arc generator leads to the fmmation of carbon nanotubes 
which aO have veiy small dianieters (about 1 .2 nm) and walls only 
a staigpe atomic l^er tUck. The tubes form a web-like deposit 
woven through the fhlkrene-contafadng soot, givhig it a robbery 
texture. The uniformity and single-layer structure of these 
ndd make it possible to test their properties aeainst 
lpredlctions*»-«^ 
The initial aim of our experiments was to produce metalloful- 
lerenes and graphite-encapsulated nanocrystals of magnetic 
atoms. Electrodes were prepared by boring 4-mm-diameter 
holes in 6-nun-diameter graphite rods and filling them with 
mixtures of pure powdered metals (Fe, Ni or Co) and graphite. 
These filled anodes (- 2 at % metal) were vaporized with a 
current of 95-^105 A in 100-500 torr of He in our arc fiiUerene 
generator. The results obtained with cobalt were unique. 

When a Co-containing rod was used, what looked like spider 
webs formed in the chamber, draping between surfaces. The 
soot on the chamber walls was rubbery and could be peeled off in 
long strips. Normal fiillerene soots (and those made with Fe- or 

•Afnnsted with the Materials and Molecular Simulation Center. Bectonan Institute, California 
Institute of Technology, Pasadena, California 91125, USA. 

NATURE . VOL 363 • 17 JUNE 1993 



Ni-containing rods) are crumbly. The soot and the web material 
were ferromagnetic. A transmission electron microscope 
(TEM) image of the web material (Fig. 1) shows that the web 
consists of rounded soot particles a few tens of nanometres 
across, linked together by fine fibres. Individual threads can be 
traced for several micrometres. In some cases several fibres 
converge on a soot particle. Embedded within the soot particles 
are round cobalt clusters with diameters ranging from a few 
nanometres to roughly 20 ran. Both electron and X-ray diffrac- 




FIG. 1 Transmission electron micrograph of web-like material showing 
strands of thread-like fibres and cobalt clusters (dark spots) embed- 
ded In carbon soot particles. This image and those in Figs 2 and 3 were 
obtained using a Topcon 002B microscope operating at 200 kV and a 
Gatan Model 679 slow-scan camera to acquire digital images, which 
can then have the contrast enhanced to reveal the nanotubes. 
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tion patterns showed that these clusters are face-centred-cubic 
Co. This indicates that the clusters were rapidly quenched, as Co 
is normally hexagonal-<:lose-packed below 400 ^C. 

Scanning electron microscope (SEM) images show that the 
rubber soot deposits from the chamber walls contain thin fibres 
. and soot particles similar to those in the web material, but with 
the partides in greater relative abundance. The carbon around 
the cobalt clusters consists partly of fuUerenes, which can be 
extracted from the soot in typical amounts using toluene. 
Laser-desorption/laser-ionization mass-spectrometry of the raw 
soot showed a CoC^o peak, but this species was not found in a 
toluene extract of the soot. 

A higher-magnification TEM image (Fig. 2) reveab the 
structures underlying the fibre and web formation. Carbon 
nanotubes with single-atomic-layer walls and diameters of 1.2 
±0.1nm are ubiquitous. The tubules apparently crossed, aggre- 
gated and tangled before being encased. Although the tubules 
are mostly coated with non-graphitic carbon, bare sections are 
also evident. Figure 3 (at still higher magnification) shows a bare 
nanotube with several round objects, comparable in size to 
fuUerenes with 60-100 carbons, adhering to it. The circumfer- 
ence of the nanotubes would correspond to a belt of IS or 16 
edge-shanng hexagons with 0.142-nm sides. 

Carbon fibres grow under diverse conditions^^^^. Graphitic 
whiskers 1-5 ^m in diameter and centimetres in length can be 
grown on the extremely hot cathode of a carbon arc run in 
high-pressure argon^^. Under similar conditions (but at lower 
pressures), tubular graphitic structures with 2-30 nm diameters 
and micrometre lengths form in the cathode deposits in an 
arc-fullerene generator^'. These nanotubes typically have walls 
2-50 atomic layers thick. On the other hand, in the presence of 
transition-metal catalyst particles, vapour-grown carbon fibre 
can be produced by pyrolysing a hydrocarbon/carrier-gas mix- 
ture at temperatures between 500 X and 1,200 X (refs 14-16). 
Yacaihan et al. recently reported that some fibres produced by 
this method resemble the hollow graphitic tubes seen in. 
fullerene-generator cathode deposits. 





FIG. 3 TEM image of a bare section of a single-walled nanotube. The . 
round objects adhering to the tube have diameters corresponding to 
fuUerenes with 60-100 carbons. 



In contrast to these muldlayered fibres and tubes, our 
cobalt-catalysed nanotubes have single-atomic-layer walls and a 
common diameter (~ 1.2 nm). They grow from carbon vapour 
(with no dissociation of hydrocarbon needed) at helium press- 
ures in the range 100-500 torr. Fullerenes form abundantly at 
the same time. Under the conditions we used, no fibre growth 
was observed using Fe, Ni or a 50:50 Ni:Cu mixture, all of which 
catalyse fibre growth in the presence of hot gaseous 
hydrocarbons***^. We believe, therefore, that cobalt plays a 
special role in catalysing the formation of these single-w^led 
tubules, and suggest that a specific nucleation process may be 
responsible for their highly uniform diameter. For the moment 
the relationship between the nanotubes and the cobah dusters is 
obscured by the encasing layer of carbon. The nanotubes are 
found in relatively cold regions of the chamber, co-condensed 
with (and mostly coated by) fullerene soot. It may be possible to 
control the amount of carbon that forms on the nanotubes by 
modifying the growth conditions, and the crystallinity of this 
carbon by post-annealing the coated nanotubes at high tempera- 
ture. Such measures have been used to modify vapour-grown 
carbon fibres*^, and could be important in attempting to exploit 
the uniformity of these vapour-^wn nanotubes to develop new 
types of carbon fibres. 

It may also be possible to isolate bulk quantities of bare, 
single-walled nanotubes. Such structures constitute a new type 
of alI*carbon polymer. Theoretical calculations predict that they 
can be metallic or semiconducting, depending on their helical 
pitch^®'". They might draw species into their interiors by 
capillary action, and they may be useful as catalytic containers, 
nanowires and solenoidr^ The recent success of Ajayan etal, 
in filling nanotubes with lead supports some of these ideas. The 
availability of the single-walled carbon nanotubes reported here 
should permit characterization and further experiments. □ 



FIG. 2 TEM Image at higher magnification showing details of the 
web-like material. Running through the deposited non-graphitic car- 
bon are singteTwalled nanotubes about 1.2 nm in diameter. Bare 
portions of these nanotubes are also evident. The dark spot In the 
upper-right comer is a cobalt cluster. 
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Synchronous changes in seawater 
strontium Isotope composition 
and globai climate 

Steven C. Clemens, John W. Fanreir & L Peter Qromet 

Geological Sciences. Brown University, Providence, 
Rhode Island. 02912-1846. USA 

The ^Sr/^r ratio of sea water has increased gradually over the 
past 40 Myr, suggesting a concomitant increase in giolial 
chemical weathering rates^"^. Recently, DIa et alJ analysed a 
ZSO-kyr "Sr/^r record, and found ^merimposed on this 
gradual faicrease higb^-firequency "Sr/^r variations which 
appeared to follow a l(NK»kyr cycle; this periodicity corresponds 
to one of the prominent cycles in tite Earth^s orbital parameters, 
which are known to modulate the patterns of sohu* insolation and 
hence cUmate^'**. The resolution of this record was, however, 
insufficient to estahlish the phase relationship between the 
'^Sr/'^Sr variations and global cUmate cycles. Here we present a 
high-resolnthm seawater "Sr/*^r record spanning the past 450 
ky r • We find that nuudma and nunima m ^r/^r couidde with 
minima and maxima, respectively, in continental ice volume 
(fhim the STOCMAP oxygen isotope reconP), apparentiy 
suggesting that there was less chemical weathering in arid ghidal 
periods than in the more humid intergladals. During glacial- 
inter^dal transitions, however, seawater ^Sr/*^r changes at a 
rate of — 1 p.p.m. kyr'', approximately three times that 
evaluated by Dia etalJ, Mass-balance calculations illustrate that 
simple changes in modern chemical weath«ing regimes cannot 
ftdly account for such rapid changes, suggesting that we need to 
revise current ideas about strontium reservoirs and the mechan- 
isms for exchange between them. 

To evaluate fine structure in the past 450 Icyr of the seawater 
^Sr/*^r record, we measured the ^Sr/^r ratios in 77 samples 
of marine carbonate (planktonic foraniinifera) from Ocean 
Drilling Program/site 758 in the equatorial Indian Ocean (Fig 1, 
Table 1). This record can be intermeted as a global ocean signal 
provided that (1) seawater ^Srr^r is globally homogeneous 
within the mixing time of the ocean, (2) biogenic caldte is 
precipitated in equilibrium with seawater ^Sr/^r, and (3) the 
^Sr^Sr signal measured in planktonic foraminifera is derived 
from Sr in the caicite lattice and not associated phases such as 

' Present address: University oTBristiah Columbia. Vancouver. Srttish Columbia. V6T1Z4. 
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fine clays or diagenetic precipitates adhering to the skeletal 
caicite. Results from several studies suggest that these condi- 
tions are met. Measurements of seawater ^Sxl^St from Pacific 
and Atiantic surface and deep waters demonstrate the 
homogeneity of ^Sr/^Sr in the modem global ocean to within 6 
p.p.m., well within the analytical error of measurement"; the 
^Sr/^r of biogenic caicite from globally distributed planktonic 
foraminifera and bivalves is indistinguishable from modem sea 
water the ^'Sr/^^Sr of caicite from planktonic and 

l)enthic foraminifera is indistinguishable, indicating equilibrium 
precipitation in surface as well as deep waters^^. 

To minimize the contribution of Sr from noncarfoonate 
material, foraminifera were prepared for ^Sr/^r measurement 
as in previous studies^^^^**^, by sonification in ultrapure water 
followed by dissolution of the caicite in weak acetic add. To 
investigate further the possibility of contamination by non* 
carbonate phases, we deaned a subset of our samples following 
more rigorous procedures**' designed to remove fine clays, 
oxidize organic matter and reduce predpitated metal oxides 
before dissolving the caldte lattice. All but one of the paired 
samples (^=17) yielded analytically indistinguishable results 
(Table 1). 

Another approach to testing the validity of the site 758 
^Sr/^r record as a global signal is duplication of the results in 
other oceans with c^Eferent sedimentary environments, using 
different fiDraminifera spedes. Comparison vrith a lower resolu- 
tion record from the Pacific^ shows strong similarities and some 
differences (Fig. 1). As with the the well documented ice-age 
cyclidty in 6*^0 (refs 18-21), both ^Sr/^Sr records show 
lOO-kyr fluctuations with higher values during interglacial stages 
and lower values during gladal stages indicating that, to first 
order, both sites record a global ocean signal. However, the site 
758 record indicates that gladal-intergladal transitions in 
^Sr/^r occur more or less simultaneously with changes in ice 
volume (5*®0), whereas *^Sr/^Sr in tiie V28-238 record appears 
to lead the global ice-volimie signal by 10-15 kyr at d^ada- 
tions. Similarly, relative amplitude differences between the two 
strontium records exist within oxygen isotope stages 3 and 6. 
One possible explanation of these differences is that the 



7SB «7sr/86sr 



SPECMAP 5^Bo(<j) 



a709090 




so 100 150 200 250 300 350 400 450 



a709090 



V28-238*^Sr/«fiSr 



arososo - 

a709070 
a709080- 
a7090S0 
a709040 



SPECMAP g^»0(q) 3 




50 100 150 200 250 300 350 400 450 

Date (kyr bp) 



RG. 1 Seawater *^Sr/®®Sr records compared to the SPECMAP stacked 
6"0 record^ of global ice-volume. Indian Ocean site 758 (top) (error 
bar represents ±la) and Pacific Ocean V28-23B (bottom; ref. 7). Both 
records are plotted relative to an NBS'987 value of 0.710150. Oxygen 
isotopic stages^ are labelled at the top (even numbers represent 
glacial intervals). 
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